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As newdisease threats arise and existing pathogens grow resistant
to conventional interventions, attention increasingly focuses on the
development of vaccines to induce protective immune responses.
Given their admirable safety records, protein subunit vaccines are
attractive for widespread immunization, but their disadvantages
include poor immunogenicity and expensive manufacture. We
showhere thatengineeredEscherichia colioutermembranevesicles
(OMVs) are an easily purified vaccine-delivery system capable of
greatly enhancing the immunogenicity of a low-immunogenicity
protein antigen without added adjuvants. Using green-fluorescent
protein (GFP) as the model subunit antigen, genetic fusion of GFP
with the bacterial hemolysin ClyA resulted in a chimeric protein that
elicited strong anti-GFP antibody titers in immunizedmice,whereas
immunization with GFP alone did not elicit such titers. Harnessing
the specific secretion of ClyA to OMVs, the ClyA-GFP fusion was
found localized in OMVs, resulting in engineered recombinant
OMVs. The anti-GFP humoral response in mice immunized with
the engineered OMV formulations was indistinguishable from the
response to the purified ClyA-GFP fusion protein alone and equal to
purifiedproteinsabsorbed toaluminumhydroxide, a standardadju-
vant. In a major improvement over current practice, engineered
OMVs containing ClyA-GFP were easily isolated by ultracentrifuga-
tion, effectively eliminating the need for laborious antigen purifica-
tion from cell-culture expression systems. With the diverse
collection of heterologous proteins that can be functionally local-
ized with OMVs when fused with ClyA, this work signals the possi-
bility of OMVs as a robust and tunable technology platform for a
new generation of prophylactic and therapeutic vaccines.

protein subunit | adjuvant

Vaccines have widespread impact on human health by confer-
ring protection against infectious diseases. Among traditional

vaccine designs, protein subunit vaccines areparticularly attractive,
because they induce a protective immune response and avoid the
safety limitations of attenuated or killed whole organisms. Despite
their advantages in safety and purity, a major limitation of protein
subunit antigens is their inability to stimulate strong immune
responses in vivo when administered alone. To improve their
immunogenicity, subunit antigens are often combined with adju-
vants (1), conjugated to polysaccharide or protein carriers (2, 3), or
formulated in controlled-release systems.
Controlled-release technologies have emerged as promising

strategies for antigen delivery, because they are similar in geometry
to naturally occurring pathogens and are readily internalized by
antigen-presenting cells. These delivery systems primarily comprise
polymer particles (4), immune-stimulating complexes (5), and lip-
osomes, proteosomes, and related vesicles (6–9). Although these
formulations seem tobe technically appealing solutions, the complex
manufacturing steps required to purify and encapsulate antigens in
particulate delivery systems can render these approaches econom-
ically nonviable (10).
There are currently two vaccines for serogroup B meningo-

coccal disease that are formulations consisting of bacterial sur-

face antigens naturally incorporated in outer membrane vesicles
(OMVs) (11, 12). OMVs are nanoscale (∼100 nm) proteolipo-
somes that constitutively bud from the outer membrane of
Gram-negative bacteria (13, 14), and they contain components
derived from the bacterial outer membrane and periplasm. In
contrast to synthetic particulate systems, these OMV vaccines
represent a unique system where the antigen and delivery vehicle
together are derived from the Neisseria meningitidis pathogen
itself (15, 16). The proven safety and efficacy records of these
OMV vaccines, particularly in The Netherlands (17) and in Nor-
way (12, 18), together with the knowledge that vesicles are pro-
duced by nearly all species of Gram-negative bacteria (including
Escherichia coli), present the possibility of employing OMVs for
the delivery of recombinant protein antigens. To date, however,
antigens that are foreign to the parental bacteria remain notably
absent from OMVs largely because of challenges associated with
the transport of heterologous proteins to the vesicles (19).
ClyA (also referred to as SheA or HlyE) is a proteinaceous

bacterial hemolysin that is specifically enriched in OMVs (20,
21). Recent work by our group showed that genetic fusion with
ClyA results in the efficient translocation of heterologous pro-
teins to OMVs (22). Additionally, Galen et al. (23) showed that
antigens fused to ClyA exhibit immunostimulatory activity when
secreted from a live Salmonella vaccine.
Building on observations regarding ClyA functionality, this

study examines the ability of ClyA to serve as a platform to
enhance the immunogenicity of a recombinant subunit antigen
and to simplify antigen purification from cell-culture expression
systems through secretion to OMVs. In this first demonstration
of an engineered OMV vaccine, delivery of a poorly immuno-
genic green-fluorescent protein (GFP) antigen fused with ClyA
in engineered OMVs elicited strong and sustained humoral
responses in immunized mice, which were equivalent to the re-
sponses elicited by the standard adjuvant aluminum hydroxide.
With the diversity of heterologous proteins that are able to be
functionally localized in OMVs (22), this report illustrates the
potential of engineered OMVs to deliver poorly immunogenic
subunit antigens without the lengthy and expensive antigen-
purification schemes necessary for traditional subunit vaccines or
antigen-delivery systems.

Results
The Immunogenicity of GFP in Mice Is Significantly Enhanced when
Administered in Fusion with ClyA. ClyA, GFP, and ClyA-GFP were
overexpressed inE. coliDH5α andpurified from the soluble fractions
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of the bacteria (SI Text and Fig. S1). The immunostimulatory effects
of these soluble proteins were then tested in mice; s.c. immunization
of BALB/c mice with ClyA-GFP elicited GFP-reactive antibody
responses thatwere significantlyhigher than immunizationwithClyA
mixed with GFP (Fig. 1). AGFP-specific IgG response was detected
beginning 2 weeks after priming inmice immunized with ClyA-GFP;
this response was augmented by booster vaccination and sustained
for 4 weeks after the booster injection. No detectable anti-GFP IgG
antibodies were observed until after boosting in any of the other
treatmentgroups. Interestingly, immunizationwithGFPelicited little
to no detectable response at any time during the study period,
whereas in two mice, immunization with ClyA alone triggered fluc-
tuating levels of GFP cross-reactive antibody species after the boos-
ter.Antibody titers in theClyA-GFP immunization group (group III)
were significantly higher (P < 0.05) than antibody titers in mice vac-
cinated with unfused proteins (group IV). The difference was stat-
istically significant beginning at day 14 of the study and remained so
through the conclusion of the study period. GFP-specific antibody
levels in the treatment group immunized with ClyA and GFP sepa-
rately (group IV) were statistically similar to the antibody levels
generated by ClyA immunization alone (group II) at all time points
throughout the study.

ClyA-GFP Is Localized in Engineered OMV Vaccines. OMVs were
prepared from vesicle hyper-producing E. coli strain JC8031 trans-
formed with plasmid pClyA-GFP-His6 (engineered OMVs) or the
empty pBAD18-Cm cloning vector (empty, wild-type OMVs). Elec-
tron microscopic analysis after negative staining showed the spheri-
cal bilayered structure of OMVs (Fig. 2A), which have a diameter
of∼100nm.ClyA-GFPfluorescencewasobserved inassociationwith
the engineered OMVs (Fig. 2B), a finding confirmed by Western
blotting with anti-GFP antibodies (Fig. 2C). Fluorescence-intensity
measurements andSDS/PAGEgel-banddensitometry indicated that
ClyA-GFP comprises ∼5% of the total protein content in OMVs.
Because expression of clyA in E. coli is strongly repressed under
normal laboratory conditions (24), no free ClyA was detected in the
engineered or empty OMVs preparations. Consistent with earlier
observations (22), the association ofClyA-GFP in engineeredOMVs
had no apparent effect on the size of vesicles (Fig. 2D). Bacterial
lipopolysaccharide (LPS) content in empty and engineered OMVs
was measured by a colorimetric assay to detect 2-keto-3-deoxy-

octonate (KDO), a core sugar component of LPS. The KDO assay
indicated thatemptyOMVscontaina slightlyhigher concentrationof
LPS, normalized by total protein content, than engineered OMVs
(Fig. 2E).

The Immunogenicity of ClyA-GFP in Engineered OMV Vaccines Is
Equivalent to the Immunogenicity of the Purified ClyA-GFP Fusion
Protein Alone. To examine the immunogenicity of ClyA-GFP in
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Fig. 1. The immunogenicityofmodelantigenGFP inmice is significantlyenhancedwhenadministered infusionwithClyA.Scatterdotplots (withmedian lines) show
individual host anti-GFP IgG responses in serumdiluted1:12,800.Groups offive BALB/cmicewere s.c. immunizedwith 2.5 μgGFP (group I), 2.5 μgClyA (group II), 5 μg
ClyA-GFP fusion (group III), and 2.5 μg ClyAmixedwith 2.5 μgGFP (group IV).Micewere immunizedon day 0 and day 28, which ismarked by the arrowheads in each
chart. The daggers (†) represent statistical significance (P < 0.05; Wilcoxon rank-sum test) of antibody titers in group III compared with titers in groups II and IV.
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Fig. 2. The model antigen GFP is functionally localized in engineered OMVs
when fusedwithClyA. (A) ElectronmicrographofemptyOMVsstainedbyuranyl
acetate. (Scale bar: 200 nm.) This image is also representative of engineered
OMVs containingClyA-GFP (cf. reference22). (B) Fluorescencemicrograph (100×
objective) of ClyA-GFP in association with engineered OMVs. (C) Western blot
with anti-GFP antibodies of cell-free culture supernatants andOMV suspensions
from cultures of E. coli expressing the empty plasmid vector or ClyA-GFP. (D) Z-
average hydrodynamic diameter of empty and engineered OMV suspensions in
PBS, as measured by dynamic light scattering. (E) LPS content in empty and
engineered OMV suspensions is normalized by total protein content. The
asterisk (*) denotes statistical significance (P < 0.05; Student’s t test).
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outer membrane vesicles, BALB/c mice were immunized with
empty OMVs mixed with ClyA-GFP or engineered OMVs con-
taining the ClyA-GFP fusion protein (Fig. 3). The effective dose of
ClyA-GFP in the OMV formulations (2.5 μg) was one-half the
amount used in these purified protein immunizations to observe
if ClyA-GFP association with OMVs contributes any additional
immunostimulatory effect. Immunization with empty OMVs
mixed with soluble ClyA-GFP (group V) resulted in a GFP-spe-
cific response beginning at 2 weeks after priming and continuing
for 4 weeks after the booster. Immunization with ClyA-GFP in
engineered OMVs (group VI) elicited similar GFP-reactive IgG
responses starting 2 weeks after the initial dose that then markedly
increased after booster immunization at day 28. At all time points
throughout the study, antibody titers between group V and group
VI remained statistically indistinguishable. Additionally, antibody
titers in OMV-immunized mice (both groups V and VI) were
statistically equivalent to those in group III with an exception on
day 56 for group V and on day 35 for group VI, when titers were
significantly higher in group III (P < 0.05). Despite the presence of
LPS detected in the OMV formulations, no significant inflamma-
tory responses were observed in animal subjects. In addition, local
reactions to vaccination, as determined by histological analysis of
excised tissue, were indistinguishable between groups treated with
the formulations with or without depletion of LPS from vaccine
preparations, indicating that the adjuvant effect was a function of
the OMV and not LPS (SI Text and Table S1 and Figs. S2 ‒ S5).

Antibody Titers Elicited by ClyA-GFP in Engineered OMV Vaccines Are
Equivalent to Those Elicited by the Adjuvant Aluminum Hydroxide
(AlOH3, alum). To directly compare the level of immune response
elicited by the engineered OMV vaccines with a standard adju-
vant, mice were immunized with the OMV formulations or with
GFP or ClyA-GFP absorbed to aluminum hydroxide. As shown in
Fig. 4, the antibody responses to all four preparations were stat-
istically equivalent, suggesting that engineered OMV prepara-
tions are potentially viable candidates for further clinical
development and evaluation.

Discussion
Vaccination remains one of the most cost-effective strategies for
preventing infectious disease (25, 26). The safety of protein subunit
vaccines makes them particularly attractive for administration to
wide swaths of the human population, healthy and immunocom-
promised individuals alike. A major limiting factor in the further
development of subunit vaccines, however, remains the poor
immunogenicity of purified antigens when administered alone.
Despite ongoing research to novel immune potentiators, the only
compounds currently licensed for human use in North America
remain aluminum salts (27). In addition to increasing the cost of
vaccine production, these aluminum adjuvants may sometimes

result in severe adverse events postadministration (28, 29). With
ongoing disease threats and the promise of emerging immuno-
therapies on the horizon, there clearly is strong demand for new
vaccine technologies.
Owing largely to their size, plasticity, and safety profile in

humans, OMVs are attractive vehicles for vaccine delivery. After
the first reports of OMV vaccines for serogroup B meningococcal
disease, vesicles from Salmonella thyphimurium and Pseudomonas
aeruginosa containing surface antigens native to the pathogens have
also been shown to exhibit immunogenic properties (30, 31). The
prospects of using OMVs to deliver antigens that are nonnative to
the parental bacteria are not yet realized, largely because of chal-
lenges in transporting heterologous proteins to vesicles. In a recent
demonstration of the remarkable tunability of OMVs by our group,
heterologous proteins fused with the native bacterial protein ClyA
areefficiently transported in their native functional forms tovesicles
(22). Previous work also points to the utility of ClyA in enhancing
the immunogenicity of antigens secreted from a live attenuated
Salmonella vector, further suggesting the possibility that antigens
may be exported from live vectors in the form of OMVs (23).
The work presented here illustrates the potential of engineered

OMVs to act as a potent adjuvant and carrier system for poorly
immunogenic subunit antigens. Specifically, an OMV vaccine engi-
neered to contain a model GFP antigen elicited strong GFP-specific
humoral responses in immunized mice, whereas immunization with
GFP alone failed to result in any significant antibody responses. GFP
was chosen as the model antigen, because it constitutes a relatively
weakantigen inandby itself (3).Asalient advantage in theproduction
of recombinantOMVoverpurifiedproteins lies in vesicle purification
by facile ultracentrifugation, which effectively eliminates the need for
costly infrastructure to support a priori antigen purification. The
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Fig. 3. ClyA-GFP localized in engineered OMVs retains its immunogenicity in mice. Scatter dot plots (with median lines) show individual host anti-GFP IgG
titers in serum diluted 1:12,800. Groups of five BALB/c mice were immunized with purified ClyA-GFP fusion protein mixed with empty OMVs (group V) and
ClyA-GFP fusion in association with engineered OMVs (group VI). The effective dose of ClyA-GFP in both treatment groups was 2.5 μg. Mice were immunized
on day 0 and day 28, which is marked by the arrowheads in each chart. The asterisks (*) denote statistically significant differences (P < 0.05; Wilcoxon rank-
sum test) compared with antibody titers in the purified ClyA-GFP treatment group (group III) on the corresponding day.
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results from this study introduce engineered OMVs as a versatile
strategy for delivering poorly immunogenic protein antigens, while
simultaneously sidestepping the complex purification processes of
traditional subunit vaccines.
Expression of the engineered ClyA-GFP fusion protein in E.

coli resulted in a 61-kDa product that retained the native bio-
logical activities of ClyA and GFP (Fig. S1). The specific fluo-
rescence and hemolysis activities of ClyA-GFP under the specified
assay conditions were diminished relative to the unfused con-
stituent proteins, which were similar to previous observations
made with other ClyA fusion partners (32). The retention of
protein activity indicates that ClyA-antigen fusions maintain their
conformations and suggests that ClyAmay be an amenable carrier
for both linear epitopes and conformational antigens.
Naïve mice were immunized with ClyA, GFP, the soluble ClyA-

GFP fusionprotein, andClyAmixedwithGFP.The results inFig. 1,
depicting antibody titers in mice immunized with the purified pro-
teins, showClyA to be an effective carrier protein for enhancing the
immunogenicity of GFP. The immunogenicity of ClyA fusion pro-
teins was first shown in a study by Galen et al. (23), where the
observed enhancement in the immune response to the antigens was
postulated to be largely dependent on export from a live Salmonella
vector. Here, the results show that antigen fusion with ClyA is
directly responsible for enhanced immunogenicity. Residual LPS
was not detectablewith theKDOassay in any of the purifiedprotein
preparations, suggesting that the enhanced immune response to
GFP was a result of fusion with the ClyA moiety. As a bacterial
cytolytic protein from enterobacteria (33), ClyA joins the ranks of
other knowntoxinswith adjuvantproperties suchasdiphtheria toxin
or heat-labile enterotoxin (34). Although no pathological effects
were observed in mice immunized with ClyA in this study, detox-
ification of ClyA through mutation (35), truncation, or chemical
methods may attenuate any possible toxicity while retaining its
immunomodulatory capabilities.
Unlike other known bacterial toxin adjuvants, however,

enhancement in the immune response to GFP was not observed
when mice were immunized with a mixture of soluble ClyA and
soluble GFP. Whereas the specific mechanisms that drive the
immunostimulatory behavior of ClyA remain to be investigated,
physical or chemical conjugation to protein carriers has frequently
improved the immunogenicity of otherwise poorly immunogenic
antigens by increasing the antigen size or improving antigen
organization to optimize the B cell response (2, 3, 36). In general,
the ability for antigens to be presented in the proper structure to
activate B cell proliferation requires efficient antigen processing
by-antigen presenting cells and costimulation by T helper cells.
Further studies on ClyA and its interaction with the immune sys-
tem are necessary to more fully characterize the immune-
enhancing activity of ClyA and to explore the potential to simulate
T cell, especially cytotoxic, responses.
Leveraging the secretion of ClyA to OMVs, engineered

OMVs were purified from the nonpathogenic E. coli strain
JC8031 expressing ClyA-GFP (Fig. 2). Fluorescence microscopy
and Western blotting with anti-GFP antibodies verified the
presence of ClyA-GFP in engineered OMVs; association of the
active fusion protein with vesicles occurred through secretion
and thus required no separate antigen purification, unlike the
cases of other established particulate-delivery systems.
To examine the humoral immune response to ClyA-GFP when

administered with OMVs, mice were immunized with empty (wild-
type)OMVsmixedwith solubleClyA-GFP (Fig. 3, groupV) orwith
the engineered OMV formulation containing ClyA-GFP (Fig. 3,
group VI). It is generally observed that particulate antigens are
more efficiently recognized by the immune system than soluble
proteins (37). Therefore, to examine if ClyA-GFP association
with OMVs contributes additional immunostimulatory effect over
the purified protein alone, the effective dose of ClyA-GFP in the
OMV formulations (2.5 μg) was one-half the amount used in

the purified protein immunizations. The results show that the
immunostimulatory behavior of ClyA-GFP is retained when deliv-
ered in vesicles. On day 35 of the study, anti-GFP titers in the
recombinant OMV group (Fig. 3, group VI) were lower than in the
group immunized with purified ClyA-GFP (Fig. 1, group III);
however, the titers in these two treatment groups were statistically
indistinguishable from each other beginning at day 42. The
decreased ClyA-GFP dosage in the OMV vaccine formulationmay
be a factor in the slightly delayed immune response to engineered
OMVs (at day 35) compared with the purified fusion protein.
The anti-GFP antibody titers observed in response to the

engineered OMV immunizations are remarkable, especially when
taking into account that the effective dose of the ClyA-GFP fusion
protein in theOMV formulations was one-half that of the purified
protein treatments. The results suggest that OMVs contribute
additional immune-stimulating activities. As judged from the
effect of the OMV preparations in inoculated mice, the low levels
of residual LPS inOMVs at the administered doses did not cause a
local inflammatory response (SI Text, Table S1 and Figs. S2 ‒ S5).
However, because LPS can be counterproductive in vaccines,
future work will examine the immunogenic effect of total LPS
depletion from vesicles (38). As the immune-potentiation capa-
bilities of ClyA become better understood, the combination of
engineered OMVs with additional adjuvants or immunostimula-
tory compounds may also be of considerable interest in directing a
specific immune response.
Comparisons between animals treated with the wild-type and

engineered OMV formulations (Fig. 3) suggest that anti-GFP
titers are largely independent of the direct association of ClyA-
GFP with OMVs. There remains a possibility that the nonspecific
association of purified ClyA-GFP with empty vesicles may render
the two tested OMV formulations virtually indistinguishable to
the immune system. An exception may be that the engineered
OMV treatments seemed to result in a prolonged antibody
response. At day 56, the antibody titers in group V (empty OMVs
mixed with ClyA-GFP) were statistically decreased relative to
group III (purifiedClyA-GFP),whereas the titers in theengineered
OMV treatment group exhibited no such decrease. Analogous to
other particulate-delivery systems, the colocalization of antigens in
the lumen of OMVs may protect antigens from protease degra-
dation in vivo, resulting in more efficient B cell activation.
Importantly, a direct comparison of the engineered OMV

preparations to a standard adjuvant, aluminum hydroxide (AlOH3
or alum), revealed that the antibody responses generated in both
cases were equivalent. Given that alum is the basis of the only
FDA-approved adjuvants and that new adjuvants continuously are
sought, we conclude that the concept of engineeredOMVvaccines
may hold clinical promise. Work testing the broader applicability
of OMV vaccines is currently ongoing in our laboratories.
The results here show that engineered OMVs are unique par-

ticulate vaccine-delivery vectors with adjuvant and carrier activity
that combine features borrowed from both synthetic and living
antigen-delivery systems. Whereas OMVs are derived from live
bacterial cultures, vesicles themselves are nonreplicating entities
that avoid the potential safety concerns associated with attenuated
living bacteria or viruses. As nanoscale spherical structures com-
prising mainly protein and lipid, OMVsmay share some structural
or compositional similarity with liposome or proteosome carriers;
but in themost significant departure from these particulate systems
or other subunit vaccines, where as many as three components—
antigen, adjuvant, and delivery system—are produced separately
before formulated into a final product, engineered OMVs may not
require these extensive purification and formulation procedures.
This work illuminates the potential of engineered OMV tech-

nology to overcome the significant safety and economic limitations
that often arise in the course of vaccine development. A model
green-fluorescent protein fused with the bacterial hemolysin ClyA
was secreted in OMVs of E. coli, while maintaining the biological

3102 | www.pnas.org/cgi/doi/10.1073/pnas.0805532107 Chen et al.
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activity of both components. These engineered vesicles were
administered tomice and found to be highly immunogenic, eliciting
high anti-GFP antibody titers, whereas immunization with GFP
alone failed to elicit any significant humoral response. Additionally,
the engineered OMV formulation elicited a humoral response that
is on par with the standard adjuvant aluminum hydroxide. Com-
bining adjuvant and carrier activity, engineeredOMVs enhance the
response to an otherwise poorly immunogenic antigen and cir-
cumvent the protein-purification requirements of traditional sub-
unit vaccines and particulate antigen-delivery modalities. With the
wide assortment of heterologous proteins that are functionally
localized to OMVs by fusion with ClyA, including enzymes, fluo-
rescent proteins, and single-chain antibody fragments (22), andwith
additional possibilities of further engineering of vesicle luminal or
surface features,OMVsareauniquely tunableplatformwitheaseof
manufacture for the delivery of a wide spectrum of poorly immu-
nogenic subunit antigens for vaccines against infectious disease or
other therapeutic targets.

Materials and Methods
Recombinant Protein Purification. Plasmid construction was performed as
described in SI Text. Cultures of E. coli DH5α were grown in 100 mL of LB
medium containing chloramphenicol. Protein expression was induced by the
addition of L-arabinose to a final concentration of 0.2% after the OD600

reached ∼0.5. Bacterial cultures were harvested 4 hours after induction and
lysed by treatment with lysozyme (1 mg/mL) and Triton X-100 (1% vol/vol).
The polyhistidine-tagged proteins in the soluble fraction were purified by
immobilized-metal affinity chromatography (Ni-NTA Agarose; Qiagen) ac-
cording to the manufacturer’s instructions. The proteins were eluted with
200 mM imidazole in a buffer containing 50 mM NaH2PO4 and 300 mM NaCl
(pH 8.0), and they were subsequently desalted into PBS using PD-10 size
exclusion chromatography columns (Amersham Biosciences).

Preparation of OMVs. OMVs were purified in accordance with a previously
established procedure (39). Plasmids pClyA-GFP-His6 and pBAD18-Cm were trans-
formed intoE. coli vesicle-overproducing strain JC8031 (40), and theywere selected
in LB-chloramphenicol medium. Flasks containing 250 mL of medium were inocu-
lated with overnight culture and allowed to grow until the OD600 reached ∼0.5.
Protein expressionwas induced by addition of L-arabinose to afinal concentration
of 0.2%. Cell-free culture supernatantswere collected 12 hours after induction and
filtered through a 0.45-μm filter. Vesicles were isolated by ultracentrifugation
(Beckman-Coulter;TiSW28rotor,141,000×g,3hours,4°C)andresuspendedinPBS.
For removal of LPS fromOMV preparations, samples were passed through Detoxi-
Gel columns (Pierce) according to themanufacturer’s instructions.

Protein Analyses. Protein concentrations in OMV and purified recombinant
protein preparations were quantified by the bicinchoninic-acid assay (BCA
ProteinAssay; Pierce)withBSAas theprotein standard. Fluorescenceactivityof
GFP in protein or OMV samples was measured in a microplate spectro-
fluorometer (Gemini EM; Molecular Devices) using excitation and emission
wavelengths of 481 nm and 507 nm, respectively (41). For SDS/PAGE, samples
were prepared in sample-loading buffer containing β-mercaptoethanol and
heated at 100 °C for 5min before electrophoresis on 10%polyacrylamide gels.
Proteins were transferred to polyvinylidine difluoride membranes for West-
ern blot analysis and probed with monoclonal mouse anti-GFP IgG (Invi-
trogen; 1:2,000) or monoclonal mouse anti-polyHistidine IgG (1:3000; Sigma)
primary antibodies, and horseradish peroxidase conjugated goat anti-mouse
IgG (1:10,000; Jackson Immunoresearch) secondary antibody. Membranes were
developed by autoradiography with ECL detection reagents (GE Healthcare).

Liquid Hemolysis Assay. The hemolytic activity of ClyA and ClyA-GFP was
measured by a liquid hemolysis assay adopted from Rowe and Welch (42).
Sheep erythrocytes (Becton Dickinson) were washed and diluted 1:100 in PBS.
Aliquots of washed erythrocytes were transferred to microcentrifuge tubes,
and ClyA or ClyA-GFP was added to reach the appropriate concentration in a
final volume of 1 mL in PBS. The samples were incubated at 37 °C for 30 min
with gentle rotation. Cells and debris were sedimented in a microcentrifuge
(4,000 × g, 1.5 min), and the released hemoglobin in the supernatant was
quantified by spectrophotometric detection at a wavelength of 540 nm.
Hemolysis activity was reported relative to erythrocytes lysed in deionized
water for 30 min at 37 °C, which was considered 100% lysis.

Dynamic Light Scattering. Dynamic light-scattering measurements were
performed with the Nanosizer Nano ZS (Malvern Instruments) using Dis-
persion Technology Software version 4.20 for data acquisition and analysis.
OMV samples contained 60 μg/mL total protein in 1 mL of PBS. The refractive
index and viscosity of water were used as parameter inputs.

Microscopy. For electronmicroscopy, vesicles were negatively stainedwith 2%
uranyl acetate on 400-mesh Formvar carbon-coated copper grids and viewed
in a FEI Tecnai F20 transmission electron microscope. For fluorescence
microscopy, vesicles were placed on a glass slide, sealed with a coverslip, and
examined using an Olympus BX41 microscope with GFP filter set.

LPS Analyses. Bacterial LPS concentrations were determined by measuring
the presence of KDO according to a previously described colorimetric
assay (43, 44). KDO forms part of the oligosaccharide core of the bac-
terial LPS molecule, and E. coli LPS contains two reactive KDO moieties
per molecule (45). OMV samples (45 μL) in PBS were combined with 0.2 N
H2SO4 (5 μL) and heated at 100 °C for 20 min. The samples were cooled to
room temperature for 5 min, and then 25 μL of 0.04 M NaIO4 was added
to the mixture. After 20 min of incubation at room temperature, 2%
NaAsO2 (65 μL) was added to the sample tubes, and they were vortexed
until the characteristic yellow color disappeared. Thiobarbituric acid
(0.3%, 250 μL) was added, and the samples were returned to the boiling-
water bath for 10 min, followed by the immediate addition of dimethyl
sulfoxide (125 μL). The samples were cooled to room temperature for
5 min, and the absorbance was quantified at 550 nm in a microplate
spectrophotometer. Calibration standards were prepared from KDO
ammonium salt (Sigma-Aldrich).

Immunization. Six groups of five BALB/c mice (Charles River Laboratories) each
were immunized s.c. with 100 μL of PBS containing purified protein or OMV
preparations as described. The six treatment groups were immunized with
2.5 μg GFP (group I), 2.5 μg ClyA (group II), 5 μg ClyA-GFP (group III), 2.5 μg
ClyA mixed with 2.5 μg GFP (group IV), 2.5 μg ClyA-GFP mixed with empty
OMVs (group V), and recombinant OMVs equivalent to 2.5 μg ClyA-GFP
(group VI). Two doses of vaccine were administered 4 weeks apart. Blood
was collected from the mandibular sinus immediately before and 2 weeks
after the first immunization, immediately before the booster dose, and at
weekly intervals thereafter. The protocol for the animal studies was
approved by the Institutional Animal Care and Use Committee at Cornell
University (protocol number 2008–0092).

ELISA. GFP-specific antibodies mounted in immunized mice were measured by
indirect ELISA. Polystyrene microtiter 96-well plates (Maxisorp; Nunc Nalgene)
were coated with GFP [5 μg/mL in carbonate buffer (pH 9.6)] and incubated
overnight at 4 °C. Plates were blockedwith 3%nonfat drymilk (Bio-Rad) in PBS
containing 0.05% Tween-20 (PBST). Samples were serially diluted 2-fold in
blocking buffer in a range of 1:200–204,800, added to the wells, and incubated
for1.5 hours inahumidifiedchamber at 37 °C. Plateswerewashed six timeswith
PBST, and horseradish peroxidase-conjugated goat anti-mouse IgG (1:5,000;
Jackson Immunoresearch) was added to the wells for 1 hour at 37 °C. After six
additional washes with PBST, 3,3′,5,5′ tetramethylbenzidine substrate (1-Step
Turbo TMB; Pierce) was added, and the enzyme reaction proceeded for 20min.
The reaction was stopped with 2 M H2SO4. The absorbance was quantified in a
microplate spectrophotometer at a wavelength of 450 nm. Statistical sig-
nificance between treatment groups was determined by the nonparametric
Wilcoxon rank-sum test, and P < 0.05 was considered significant.

Comparison of Engineered OMVs to Alum. Purified GFP and ClyA-GFP (10 μg)
were absorbed to Alhydrogel (AlOH3, 25 μg) at either 4 °C (overnight) or room
temperature (1 hour) in PBS and subjected to SDS/PAGE to ensure that no
protein migrated into the gel and that it was fully absorbed to the adjuvant.
Neither protein migrated into the gel under both incubation conditions. Four
formulations were prepared and evaluated in BALB/c mice (Charles River
Laboratories): (i) GFP absorbed to Alhydrogel, (ii) ClyA-GFP absorbed to
Alhydrogel, (iii) ClyA-GFP mixed with empty wild-type OMVs, and (iv) engi-
neered OMVs containing ClyA-GFP. Each preparation was formulated to
provide 2.5 μg of injectable protein per mouse. Each Alhydrogel formulation
contained 1.3% (mass:volume) aluminum hydroxide. Two doses of vaccine
were administered 4 weeks apart. Blood was collected from the mandibular
sinus on day 56 after thefirst immunization. Antibody titers were determined
by ELISA as described above.
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In Vivo Inflammation Study. Two days after injection, subjects were euthan-
ized, and formalin-fixed tissues were processed routinely for histopathology
andstainedwithhematoxylinandeosin for lightmicroscopic evaluation. Slides
were read and graded in a blinded fashion by a board-certified pathologist.
Changes were given an overall score based on the grade of inflammation,
edema, and tissue damage as well as the presence or absence of vasculitis or
vascular thrombi. Relative numbers of individual cell types of inflammatory
cells were scored on a scale of 1–4. Sections scored as 1 had mild lesions,
consisting mainly of edema, with mild infiltration of neutrophils and macro-
phages; sections scored as 4 had extensive effacement of normal architecture

by degenerate and viable neutrophils, cellular debris, macrophages, pools of
fibrin, and vasculitis with intravascular fibrin thrombi.
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